I. INTRODUCTION
The direct sequence-code division multiple access (DS-CDMA) system suffers from the problems of multiple access interference (MAI) and the near-far effect. In the past decade, several approaches have been pmposed to address these issues [Z]. Among them, the successive interference cancellation (SIC) scheme 131 has received much attention recently due to the feasibility of its practical implementation. The performance of the multistage lincar SIC (LSIC) detector in the long-code CDMA system in terms of the bit error probability (BEP) is analyzed in this work.
The performance analysis of various multistage interference cancellers has been conducted by many researchers for both long-code and short-code systems [4-91. However, the analysis was carried out either under some invalid assumptions or for only one stage of interference cancellation . In the former case, these invalid assumptions include:
(i) tentativedeci sions of different users are uncorrelated, and (ii) tentative decisions and Gaussian noise are uncorrelated [7] . In the latter case, where the assumptions were not employed, the signal model became very complex and the analysis could be performed only for one interference cancellation stage.
In this paper, we consider statistic relations among all factors in the received signal and investigate the performance for any arbitrary stage by using matrix algebra. We show that the performance of the LSIC receiver can be expressed by moments of L's functions, where L is the strict lower triangular part of the correlfztion matrix R of signatiire sequences. In our previous work [I] , we used graph theory t;o calculate high-order moments of (R -I). In this research, graph theory is also employed to compute highorder moments of functions of the matrix L. Besides the four well-known techniques (i.e. the coloring, Eulcr tour, graph decomposition and finding biconnected components) in graph theory [I] , we need one additional tool, i.e. the chromatic polynomial of a directed graph (or digraph), in deriving the performance of the LSIC receiver.
The rest of the paper is organized as follows. The system model is presented in Section 11. The conditional mean and variance of the decision statistic are derived in Section 111. A graphical representation is introduced to facilitate calculation of the conditional mean and variance of the decision statistic in Section N. A method of computing the chromatic polynomial of a digraph is presented in Section V. Simulation results are shown in Section VI, and concluding remarks are given in Section VII.
11. SYSTEM MODEL Let us consider a synchronous DS-CDMA system with K users. For the kth user, a binary data bit bk E {+l, -1) with bit duration T is spread by the binary random signature rectangular waveform ak(t) with chip duration T, and spreading ratio N = TIT,. The received signal at the base station can be expressed as r(t) = E,"==, a b k a k ( t ) cos(w,t+&)+n(t), where Pk and 0 k are the received power and the carrier phase of user k, respectively, wc is the carrier frequency, and n(t) is the additive white Gaussian noise (AWGN) with the single-sided power spectral density No.
Let y denote a column matrix whose elements are the output of the K matched filters. That is, y = RWb + n, where R is a matrix whose (k,l)th element is equal to pk.1 cos&,^, pk.1 is the normalized cross-correlation between ak(t) and a l ( t ) 
From (3), we have 
where 
since VaT[ZL"')lbk] is equal to (Kz(-)1bk)k,k. By using (4), the kth diagonal element of the second term in the righthand side of (5) 
the first term can be expanded as
The kth diagonal element of the first term in the righthand side of (6) can he evaluated as
The kth diagonal element of the second term in the righthand side of (6) is given by
we get the conditional variance of the decision statistic of user k at stage m as
As given in (4) and ( explain the computation of these moments. By expanding the matrix multiplications, X ( m , k ) can be written as
..
Since L is strict lower triangular, (I + 
V. CHROMATIC POLYNOMIAL OF A DIGRAPH
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Before describing t,he computation of the chromatic polynomial of an arbitrary digraph, let us start with a specific type of digraphs: forests composed of directed trees (or ditrees), where a ditree is a connected acyclic digraph with each vertex having in-degree at most one. The root of a ditree is the vcrtcx with in-degree equd t o zero. For simplicity, unless otherwise stated, a forest indicates a forest, composed of ditrees below. Also, a ditree is considered as a forest with one component. 
By Proposition 2, the decomposition can be represented with sequence notations, e.g. As mentioned in Section N, vertex 1 of each digraph in It follows that Y(m,K)has the largest approximation error. Moreover, as shown in our simulation data, all users of LSIC at stages 2 and 3 suffer from the same noise enhancement problem as the decorrelating detector, which is clearly shown in Fig. 4 (c) due to the small residual interference of the last user.
In Fig. 5 , we present analytic and simulated BEP performances. Analytic BEPs are obtained by inserting the conditional mean and variance data in Fig, 3 and Fig. 4 into (2). It is seen that analytic and simulated BEPs match well, except for the last user with K = 25, and the first user at thc second and third stages. The former case is due to the inaccurate analytic result for Var[ZLm)IbK = 11 when K = 25. The latter case can he explained in the following way. By expanding the matrix multiplication in (3), it can be realized that the t e r m within ZL" are not all independent of each other, since cosOi,j's and p;,j's are not jointly independent. The Central Limit Theorem for m-dependent sequence can be applied in this case to guarantee the convergence of Z!" to a Gaussian random variable. The convergence speed is inversely proportional to the stage index due to the structure complexity. Therefore, the accuracies of BEPs at stage 1 are better than those at stages 2 and 3.
Also, the number of terms within Zj" is less than those in Z:E)2,+l and ZLm). Hence, analytic BEPs for the first user at stages 2 and 3 are not so accurate as those for the medium and the last users, because less number of terms result in slower convergence.
VII. CONCLUSION
In this paper, we derived the analytic BEP performance of the multistage LSIC receiver in a synchronous long-code DS-CDMA system. It was shown that the analytic formula for the conditional mean and variance of the decision statistic are related to the moments of the matrix (I + L)-'LT and (I + L)-'. We adopted a graphical approach to facilitate the calculation of these moments. Besides the graphic tools developed in [I] , we developed a new cool, i.e. the chromatic polynomial of a digraph, to analyze the LSIC receiver. Simulations were performed to verify the correctness of our theoretical derivation of the BEP and the conditional mean and variance of the decision statistic.
